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Energy-selective photoluminescence spectroscopy of porous silicon has been used to study the morphology of porous silicon layers prepared from (110) silicon wafers. We demonstrate that the electric field vector of the red emission band is aligned along the principal crystallographic axes of bulk silicon. From these observations, we conclude that large and small silicon nanocrystals assembling the layers have different preferential crystallographic orientations. Oxidized porous silicon layers exhibit a blue emission band which is strongly polarized along the 100 crystallographic axes. This indicates that chain-like silicon clusters, preferentially aligned along the same crystallographic directions, are responsible for the blue emission. Measurement of the polarization of the photoluminescence (PL) is a powerful tool for investigation of the electronic symmetry of the absorbing and luminescent states as well as energy relaxation processes. 1 The excitation of the PL by polarized light can select certain optical transitions between spin-, angular momentum-, or linear momentum-degenerated states of different systems. 1 Bulk silicon (Si) has a cubic lattice structure and to observe a polarized PL from Si either an external perturbation which lifts the hole band/valley degeneracy 2, 3 or direct spin injection 4 is required.
The phenomenon, when a certain substance excited by linearly polarized light emits light which is also linearly polarized, is called polarization memory (PM) effect. The PM value is usually expressed as ρ = (I − I ⊥ /I + I ⊥ ) × 100%, where I and I ⊥ are the intensities of the PL, polarized parallel and perpendicular to the direction of the electric field (polarization) of the exciting light. For semiconductor nanostructures, besides the electronic contribution to the PL polarization, dielectric screening effects have also to be taken into account. Nanocrystal (NC) or nanowire systems usually have a strong lateral modulation of the dielectric constant ( ). 5, 6 Since the resulting matrix element of absorption and emission is a product of the electric field strength and the dipole moment, both contributions to the PL polarization in NCs are important. 7, 8 Bulk Si is optically highly isotropic; therefore, PL polarization is mainly defined by the local electric field inside the Si NCs/nanowires. [9] [10] [11] PSi is usually produced via electrochemical etching of bulk Si wafers. 12 The morphology of PSi layers is found to be strongly dependent on the type of the Si wafer and anodization conditions. Due to quantum confinement effects, PSi, similar to other nanosilicon systems, exhibits size-tunable efficient red and near infrared PL. 12 One of the most interesting features of the PL from PSi is its high ρ value which cannot be understood via coherent quantum mechanical effects. 9 The nature of absorbing and emitting dipoles has to be quite different taking into account that a photoexcited electron-hole pair looses energy of about 1-2 eV in inelastic processes and, therefore, the observed PM is not a coherent effect.
The unusual behavior of PSi PL polarization has been attributed to the nonsphericity of Si NCs and to a large difference in the values of of NCs and the surrounding medium. 9, 13 Indeed, we found that the PL from spherical Si NCs is not polarized. Since the size of NCs assembling PSi is much smaller than the wavelength of the exciting light, this problem can be solved in electrostatic terms. 9, 13 The electric field of light induces polarization charges at the surface of NCs which decrease the strength of the electric field inside them. The effect is weaker when the electric field is applied along the longer dimension of Si NCs. The probability of optical absorptions and emission is proportional to the square of the electric field inside the NC and, therefore, NCs whose longest dimensions are aligned along the polarization direction of the exciting light will preferentially absorb and emit photons. The resulting PL from an ensemble of randomly oriented NCs becomes predominantly polarized along the direction of the polarization of the exciting light. The isotropic angular distribution of the ρ values in the (100) surface plane implies a random distribution of the NCs shapes and orientations in this plane. 9 The situation is, however, quite different for PSi layers grown from low symmetry (110) Si wafers. They have three equivalent 100 axes: [001] lies in the plane of the layer while another two [100] and [010] are tilted at 45 • to the (110) surface. The projection of these two axes to the surface plane of the layer coincides with the [110] crystallographic direction. These three axes are not in-plane equivalent and (110) PSi layers become highly optically anisotropic (form birefringence arising from preferential pore orientation). 14, 15 PSi layers consist of an almost infinite number of Si NCs having different size, shape, and orientation. Therefore, anisotropy of is an average characteristic of PSi NC assem blies. However, morphology of PSi layers can be investigated by using PL polarization-resolved measurements. Selecting detection energy within the red emission band, different sizes of NCs can be probed while measurement of the polarization of the emitted light gives direct information about their preferential alignment. Thus, these experiments give important information on the overall structural morphology of spatially anisotropic Si NC assemblies. We found that preferential orientation of NCs assembling PSi layers is strongly sizedependent and follows the crystallographic axes of bulk Si. We demonstrate that oxidized porous silicon layers exhibit blue emission band which is also strongly polarized along the 100 crystallographic axes. Thus, this emission originates from Si-based nanostructures and not from point defects as it was suggested before. We argue that chain-like silicon clusters preferentially aligned along these crystallographic directions are responsible for the blue emission from PSi.
In-plane anisotropy of p − PSi, prepared from weakly doped (110) Si substrates, is smaller than for p ++ PSi, prepared from heavily doped (110) Si substrates. For p − PSi layers, containing small NCs (3-7 nm), the largest value is measured for light polarized along the [001] crystallographic direction, 14 while for p ++ PSi (NCs size of 10-20 nm), it is larger for the [110] crystallographic direction. 15 Therefore, for our studies, we used p − and p ++ PSi layers prepared from boron-doped Si substrates with specified resistivity of 10 cm and 10 m cm, respectively. The etching solution was a 1:1 by volume mixture of hydrofluoric acid 49 wt% in water and ethanol, yielding a fully H-terminated surface. The etch current density was 50 mA/cm 2 . Some p ++ PSi samples were oxidized in ambient at 900 • C; after oxidation, the Si NCs are either surrounded by a SiO 2 shell or are fully oxidized. The PL was excited either by using the 488-nm line of an Ar * or by 325-nm line of a He-Cd lasers polarized by a Glan polarizer. Two PL components polarized parallel and perpendicular to that of the exciting light have been measured and, rotating the sample, angular dependencies of the PL ρ values have been measured. All measurements were performed at 300 K.
The PL of (110) p − PSi is shown in Fig. 1 by a dashed line. Its large spectral width is due to the wide distribution of Si NCs sizes and shapes. The solid line shows the spectral dependence of the PL ρ value which is very similar to that measured for PSi prepared from (100) Si wafers. 9 However, while for (100) PSi the ρ value does not depend on the in-plane polarization of the exciting light, due to overall alignment of Si NCs along the [100] growth direction and their random distribution in the (100) plane. 9, 12 For (110) p − PSi layers, a well-defined anisotropy of the ρ value can be seen (inset of Fig. 1) . For low detection energies (larger NCs), its maximum value is achieved when the polarization of the exciting light coincides with the [001] crystallographic direction. Therefore, large NCs are mainly aligned along in-plane [001] direction. These directions. The ρ value is always larger when the exciting light is polarized along the [110] direction. The anisotropy is better pronounced for lower detection energies, i.e., for larger NCs. It is important to note that the ρ value for the exciting light polarized along [110] exceeds ρ = 0.5, the maximal theoretical value for randomly oriented ideal linear dipoles. This confirms that there is a preferential orientation of Si NCs along the [100] and [010] crystallographic directions. This is in agreement with the results of Ref. 15 . However, the spectral dependence of the ρ value can not be explained solely on the basis of dielectric model 6, 9, 13 which neglects the sensitivity of the exciton wavefunctions to the shape of Si NCs. This is only true for large NCs when their size exceeds the exciton Bohr radius. For small Si nanostructures, this should not be the case. For instance, in the limit of Si chain structures, polysilanes, the symmetry (linear dipole structure) of exciton wavefunction alone results in a very high value of ρ. 16 We believe that with a decrease in Si NCs size, the exciton wavefunctions become more sensitive to the shape of NCs and both effects contribute to the PM effect. This can explain the monotonous increase of the ρ value toward higher detection energy despite of a reduced level of anisotropy of nonspherical Si NCs alignment (see Fig. 2 ).
It is well known that successive oxidation of Si NCs assembling PSi layers results in appearance of near ultravioletblue PL band having a nanosecond lifetime. 17 After complete oxidation of Si NCs, PSi is transformed into porous amorphous SiO 2 which does not exhibit discernible silicon crystal struc tures. This material emits only this type of PL. 12 It is important to note that bulk amorphous SiO 2 exhibits similar PL spectra and lifetime. 18 In many papers, this PL band was attributed to point defects in amorphous porous SiO 2 or SiO x for instance such as a nonbridging oxygen hole centers. 19 However, there is a fundamental difference in light emission properties of bulk amorphous SiO 2 and heavily oxidized PSi. Despite almost identical energy and lifetime, PL from amorphous SiO 2 does not show any PM effect while for partially or fully oxidized PSi the value of ρ can be as high as 30%. 20 For (100) porous SiO 2 layers, it has been found that, similar to the red emission band, its value does not depend on the in-plane direction of the polarization of the exciting light. Thus, the nature of light emitters in fused silica and heavily oxidized PSi should be different.
To clarify the origin of the blue PL band, we performed comparative studies of the polarization properties of the red and blue PL band, exhibited by partially oxidized p ++ PSi layers (see Fig. 3 ). The dotted line shows a PL spectrum, containing a red emission band having identical PL properties as nonoxidized PSi layers and a near ultraviolet-blue band with a maximum PL emission at 2.8 eV. Both PL bands exhibit high ρ values. The ρ value of the red PL band for oxidized samples is much smaller than that for as-prepared ones due to SiO 2 formation and, therefore, a reduced dielectric mismatch. For the red emission band the value of ρ, similar to nonoxidized PSi layers, is larger when the exciting light is polarized along the [110] direction while for the blue band [110] and [001] directions are found to be almost equivalent.
The inset of Fig. 3 shows the angular dependence of the ρ value for partially oxidized p ++ PSi layers. For low detection energies (red PL band), the angular dependence of the ρ value is almost identical to that shown in Fig. 2, ρ is maximal for the [110] direction. However, at higher detection energies (for smaller NCs), the second distinct in-plane [001] axis of Si NC alignment becomes prominent. Since according to Ref. 21 , the thermal oxidation rates of crystalline Si along the 110 and PHYSICAL REVIEW B 83, 233303 (2011) 111 directions are higher than that along the 100 directions, thermal oxidation can completely modify the morphology of PSi layers. This can be seen in the angular dependencies of the ρ values for as-prepared and partially oxidized p ++ PSi layers (compare insets of Figs. 2 and 3) . Anisotropy of the oxidation process results in the formation of an additional fraction of Si NCs preferentially aligned along the [001] direction and this effect should be stronger for smaller NCs. This is confirmed by the experiments shown in the inset of Fig. 3 .
The ρ values for the blue band for [110] and [001] directions are found to be almost equal, but slightly higher for the exciting light polarized parallel to the [001] direction. Since projections of the [100] and [010] axes on the (110) surface coincide with the [110] direction, the blue band is preferentially polarized in equivalent 100 directions. It also implies that the intensity of the PL polarized along these directions is almost identical. It is important to mention that we performed similar experiments for samples which are regarded in the literature as "fully oxidized PSi." They exhibit only the blue PL band and we found that the angular dependence of the ρ value is identical to that shown in Fig. 3 at a detection energy of 2.8 eV. In these samples, Si NCs do not exist and, therefore, emitting states cannot be associated with their surface. It is believed that this material is amorphous porous quartz; however, the observed strong PL polarization anisotropy, which correlates with the crystalline axes of Si, evidences a structural order responsible for the blue emission. The observation that the ρ value anisotropy of the blue band coincides with the principle crystallographic axes of bulk Si, to our opinion, rules out point defects as a source for the blue PL emission from oxidized PSi. Indeed, neither absorption nor emission of point defects, such as in amorphous SiO 2 , should be sensitive to the direction of the electric field of the exiting light. The dielectric model cannot explain this anisotropy as well: of SiO 2 is very small compared to Si while the ρ value for the blue band is much higher than that of the red PL band of the same sample. The well-defined anisotropy of the ρ value indicates that the remaining Si-based nanostructures are responsible for the blue emission.
Optical studies of clusters and wires containing from a few to many atoms help to understand how molecules evolve into solids or how, with progressive size reduction, solids can evolve in molecular-like structures. It has been demonstrated that for the smallest Si NCs, when the notion "unit crystal cell" still can be applied, the PL is in the green range and exciton lifetime is still in microsecond time domain. 12 On the other hand, chain-like Si-based polymer molecules (polysilanes) have identical PL properties to the blue emission of heavily oxidized PSi: they exhibit a similar PL energy and lifetime and a high PM level. 16 Polysilane molecules imbedded in silica demonstrate also almost identical optical properties. 22 Since the polarization properties of the red and blue PL from (110) PSi layers correlate with the crystalline axes of bulk Si, we believe that both PL bands are related to Si nanostructures. It is obvious that the angular polarization pattern of the red PL band is related to the preferential alignment of Si NCs along certain crystallographic directions of Si wafers, 9, 15 this is confirmed by high resolution transmission electron microscopy. 12, 15 Oxidation of Si NCs which are aligned along equivalent 100 directions can finally result in the formation of molecular-like Si chain structures, similar to polysilanes, aligned along the same crystallographic directions. The angular dependence of the ρ value strongly supports this conjecture. For this type of Si-based nanostructures, classical quantum confinement arguments are not valid and their emission properties should be completely different from those of Si NCs (the ρ value, PL energy, and lifetime). To our opinion, the observed angular dependence of the ρ value strongly supports this idea.
To conclude, we have shown that spectrally-resolved PL PM measurements are a powerful tool to investigate the PHYSICAL REVIEW B 83, 233303 (2011) size-dependent morphology of spatially anisotropic Si nanos tructures. They give valuable information about the general alignment of Si nanostructures assembling PSi layers. We demonstrated that there is a certain alignment of Si NCs along the 100 crystal axes and its level depends on the conductivity of the Si substrates used. We also argue that chain-like Si nanostructures, imbedded in amorphous SiO 2 and aligned along the principle 100 axes of bulk Si, are responsible for the blue PL emission from oxidized PSi layers. This approach can be useful for the identification of the morphology of other nanostructured systems.
